SIRP␤ (signal-regulatory protein ␤) is a transmembrane protein that is expressed in hematopoietic cells
terized of these receptors is the Fc␥ receptor (Fc␥R), 1 which recognizes the Fc region of IgG bound to antigen presented on microbial pathogens (5, 6) . The cross-linking of Fc␥Rs by the Fc region of IgG induces tyrosine phosphorylation by an Src family kinase of the receptors themselves and of associated proteins that contain an immunoreceptor tyrosine-based activation motif (ITAM) (5, 6) . The phosphorylated ITAM then serves as a docking site for the tyrosine kinase Syk. Downstream signaling mediated by phosphoinositide (PI) 3-kinase or Rho family small GTP-binding proteins eventually triggers phagocytosis of IgGcoated (opsonized) particles (5, (7) (8) (9) (10) .
SIRP␤ (signal-regulatory protein ␤) is a transmembrane protein that possesses three Ig-like domains in its extracellular region and a short cytoplasmic tail (11) . It was initially discovered on the basis of its homology to another transmembrane protein, named SHP substrate-1 (SHPS-1) or SIRP␣ (11) . Human SIRP␤ is expressed in monocytes and granulocytes but not in lymphocytes (12) . SIRP␤ forms a complex with DAP12 in human monocytes or transfected nonhematopoietic cells (13, 14) . DAP12 is a transmembrane protein that was originally identified on the basis of its association with the inhibitory receptors of natural killer cells (15, 16) . Its intracellular region contains a single ITAM motif, which binds Syk or the tyrosine kinase ZAP-70. The association between SIRP␤ and DAP12 is thought to be mediated by an ionic interaction between single amino acids of opposite charge (lysine of SIRP␤ and aspartic acid of DAP12) within the transmembrane regions (13, 14, 17) . Ligation of SIRP␤ resulted in the tyrosine phosphorylation of DAP12 and the subsequent recruitment of Syk to the SIRP␤-DAP12 complex in RBL-2H3 cell transfectants (14) . It also stimulated serotonin release from these cells (14) . SIRP␤ is therefore implicated as a positive regulator of hematopoietic cells.
In contrast to SIRP␤, the function of the related SHPS-1 (also known as SIRP␣, P84, and BIT) is relatively well characterized (11, 18 -20) . SHPS-1 was initially discovered as a tyrosine-phosphorylated transmembrane protein that binds the SH2 domain-containing protein-tyrosine phosphatases SHP-1 and SHP-2 and serves as their substrate (18, 21) . The putative extracellular region of SHPS-1 contains three Ig-like domains, similar to SIRP␤, whereas the cytoplasmic region of this protein contains four YXX(L/V/I) motifs, which are putative tyrosine phosphorylation sites and binding sites for the SH2 domains of SHP-1 and SHP-2 (11, 17, 18, 22) . SHPS-1 is particularly abundant in macrophages and neurons (20, 23, 24) , although it is also expressed in other cell types such as fibroblasts. CD47, a member of the Ig superfamily (25) , is a ligand for SHPS-1 (24, 26) , and CD47 and SHPS-1 appear to constitute a cell-cell communication system (the CD47-SHPS-1 system) in hematopoietic cells and other cell types. Indeed, the binding of CD47 on RBCs to SHPS-1 on macrophages inhibits phagocytosis of RBCs by macrophages (27, 28) , suggesting that the CD47-SHPS-1 system contributes to self versus nonself recognition by macrophages. The binding of CD47 on T cells to SHPS-1 on dendritic cells also suppresses cytokine production by the dendritic cells (12) .
We have now investigated the role of SIRP␤ in macrophage function. We thus examined the effects of engagement of SIRP␤ by specific monoclonal antibodies (mAbs) on phagocytosis as well as on intracellular signaling in macrophages.
EXPERIMENTAL PROCEDURES
Antibodies and Reagents-Rat mAbs and rabbit polyclonal antibodies (pAbs) to mouse SIRP␤ were generated with a recombinant SIRP␤-Fc fusion protein (the extracellular region of mouse SIRP␤ fused to the Fc region of human IgG) as antigen (see below). For the generation of mAbs, the purified SIRP␤-Fc protein was injected into the hind foot pads of two Wistar rats three times at 1-week intervals, after which lymphocytes were isolated from the draining lymph nodes and fused with P3U1 myeloma cells as described previously (21) . Hybridoma clones producing mAbs that reacted with SIRP␤-Fc but not with SHPS-1-Fc were identified by enzyme-linked immunosorbent assay. Among several positive clones, clones 80 and 84 were selected for experiments. The mAbs were purified from serum-free culture supernatants of hybridoma cells by column chromatography on protein G-Sepharose 4FF (Amersham Biosciences). The isotype of both mAbs 80 and 84 was determined as IgG2a, with the use of a Rat MonoAB ID/SP kit (Zymed Laboratories Inc.). Rabbit pAbs to SIRP␤ were purified from serum by column chromatography with SIRP␤-Fc conjugated to Sepharose and were then passed through a column of human IgG (Jackson ImmunoResearch) conjugated to Sepharose in order to remove antibodies that reacted with the human Fc portion of the antigen. Rabbit pAbs to DAP12 were generated as described previously (29) . A mouse mAb to the Myc epitope tag (9E10) was purified from the culture supernatant of hybridoma cells. Rabbit pAbs to BLNK (for immunoprecipitation) were kindly provided by H. Yakura (Tokyo Metropolitan Institute for Neuroscience, Tokyo, Japan). Rabbit pAbs to MAPK and to active MAPK were from Promega; rabbit pAbs to MEK, to active MEK, to Akt, and to active Akt, and a mouse mAb to phosphotyrosine (PY-100) were from Cell Signaling Technology; rabbit pAbs to the phosphorylated form of myosin light chain (MLC), rabbit pAbs to Syk (N-19), rabbit pAbs to SLP-76 (H-300), and rabbit pAbs to BLNK (C-19, for immunoblot analysis) were from Santa Cruz Biotechnology. Isotype-matched control rat IgG (IgG2a,) was from Pharmingen. Rabbit pAbs to mouse RBCs were from Cedarlane Laboratories. A rat mAb (IgM) to mouse CD24 (J11d) was prepared from the culture supernatant of hybridoma cells. PD98059, ML-7, and sphingosylphosphorylcholine (SPC) were from Calbiochem; U0126 was from Promega; and wortmannin, 2,3-butanedione 2-monoxime (BDM), piceatannol, and a mouse mAb to MLC were from Sigma. Recombinant mouse macrophage colony-stimulating factor (M-CSF) was from R&D Systems.
Cloning of Mouse SIRP␤ cDNAs-A full-length cDNA for C57BL/6 mouse SIRP␤ was amplified by PCR from a ZapII spleen cDNA library (Stratagene) with the primers 5Ј-CCGGATCCAACAGGGTTCTTAA-CACCAACC-3Ј (sense) and 5Ј-CCGAATTCTGCTCATTAGCACTTATT-TCCA-3Ј (antisense). The resulting PCR product was subcloned into pBluescript (Stratagene). A Balb/c mouse SIRP␤ cDNA was amplified from a Marathon-Ready spleen cDNA library (Clontech) by 5Ј-and 3Ј-rapid amplification of cDNA ends (RACE)-PCR, with the primers 5Ј-CTCCTCAAGGGCAGATATGTTCACCAAGAGACA-3Ј (antisense) and 5Ј-GTCTCCTATAGAGTTTCCAGCACAGT-3Ј (sense) for the 5Ј-and 3Ј-RACE reactions, respectively. The resulting PCR product was subcloned into pGEM-T (Invitrogen). The nucleotide sequences of the amplified cDNAs were verified by sequencing with an ABI PRISM310 Genetic Analyzer (Applied Biosystems).
RT-PCR Analysis-Balb/c mouse SIRP␤ cDNA fragments were amplified with the sense primer 5Ј-TGTGAAGTTCCAGAGAGGATCAT-CAGAGCC-3Ј and the antisense primer 5Ј-TAGGTTCCAACACCACCT-GGACTGTGCTGG-3Ј and with first strand cDNAs generated from Balb/c mouse tissues (Clontech) as templates. First strand cDNAs were also prepared with a Superscript-based kit (Invitrogen) from total RNA that had been isolated from peritoneal macrophages (PEMs) and RAW264.7 cells. Glyceraldehyde-3-phosphate dehydrogenase cDNA fragments were simultaneously amplified from the same first strand cDNA preparations as an internal control.
Cells, Cell Culture, and Transfection-All cells were maintained at 37°C under a humidified atmosphere of 5% CO 2 in air. CHO cells stably expressing an active form of H-Ras (CHO-Ras cells) were kindly provided by S. Shirahata (Kyushu University, Fukuoka, Japan). CHO-Ras cells expressing mouse SHPS-1 (30) were kindly provided by N. Honma (Kirin Brewery Co. Ltd., Gunma, Japan). CHO-Ras cells stably expressing mouse SIRP␤ were generated as described below. These three cell lines were cultured in ␣-minimum Eagle's medium (Sigma) supplemented with 2 mM L-glutamine, 10 mM Hepes-NaOH (pH 7.4), 10% FBS, and geneticin (500 g/ml) (Invitrogen). For CHO-Ras cells stably expressing mouse SIRP␤, the culture medium was also supplemented with Zeocin (250 g/ml) (InvivoGen). The mouse macrophage cell line RAW264.7 (kindly provided by Y. Kaneko, Gunma University, Gunma, Japan) was cultured in RPMI 1640 (Sigma) supplemented with 10% FBS. GbaSM-4 cells, vascular smooth muscle cells derived from brain basilar arteries of guinea pigs (kindly provided by K. Kohama, Gunma University, Gunma, Japan), were cultured in Dulbecco's modified Eagle's medium (Sigma) supplemented with 10% FBS. Thioglycolate-elicited mouse primary PEMs were isolated and cultured as described (31) . In brief, the peritoneum was flushed with ice-cold PBS 3 days after intraperitoneal injection of C57BL/6 mice with 2 ml of 3% thioglycolate broth (Nissui, Tokyo, Japan). The exudate cells were isolated by centrifugation at 400 ϫ g for 5 min at 4°C, washed with ice-cold RPMI 1640, and resuspended in RPMI 1640 supplemented with 10% FBS. After incubation for 24 h at 37°C, nonadherent cells, which include neutrophils, B cells, and T cells, were washed away.
To examine the effect of a dominant-negative mutant of Syk on phagocytosis, RAW264.7 cells were cotransfected with a vector for GFP and a vector for kinase-negative porcine Syk (kindly provided by H. Yamamura, Kobe University, Hyogo, Japan) or the corresponding empty vector with the use of LipofectAMINE2000 (Invitrogen). Twenty four h after transfection, cells were subjected to phagocytosis assay as described below.
Generation of CHO-Ras Cells Expressing SIRP␤-A full-length C57BL/6 mouse SIRP␤ cDNA was subcloned into the EcoRI site of pcDNA3.1 (Invitrogen). The resulting plasmid was then digested with EcoRV and NotI, rendered blunt-ended, and self-ligated to disrupt the EcoRV recognition sequence in the multiple cloning site. It was then subjected to PCR with the sense primer 5Ј-CCGATATCCGAGGAG-GACCTGAGAGAGCTGAAAGTGATC-3Ј and the antisense primer 5Ј-CCGATATCAGCTTCTGCTCTCTCACAGCTGCTCC-3Ј to generate an expression plasmid for Myc epitope-tagged SIRP␤ (with the Myc tag sequence inserted at the COOH terminus of the putative signal sequence of SIRP␤, between Arg 29 and Glu 30 ). The PCR product was digested with EcoRV and self-ligated, and its nucleotide sequence was verified by DNA sequencing. The DNA fragment encoding Myc-SIRP␤ was excised with ApaI and KpnI and then subcloned into pCAGGS (kindly provided by J. Miyazaki, Osaka University, Osaka, Japan). CHO-Ras cells were then transfected with pCAGGS-Myc-SIRP␤ and pTracer-CMV (Invitrogen) containing a Zeocin resistance gene with the use of LipofectAMINE 2000 (Invitrogen). The transfected cells were cultured in ␣-minimum Eagle's medium supplemented with 2 mM Lglutamine, 10 mM Hepes-NaOH (pH 7.6), 10% FBS, geneticin (500 g/ml), and Zeocin (500 g/ml). Colonies were isolated 14 -21 days after transfection. Several cell lines expressing Myc-SIRP␤ were identified by immunoblot analysis of cell lysates with the 9E10 mAb to the Myc tag.
Preparation of SIRP␤-Fc and SHPS-1-Fc Fusion Proteins-For preparation of SIRP␤-Fc, a DNA fragment encoding the Fc portion was excised from the pEFneoFc76 vector (32) with EcoRI and NotI and was subcloned into pTracer-CMV to generate the vector pTracer-Fc. A DNA fragment encoding the extracellular region of SIRP␤ (amino acids 1-362) was amplified from a full-length C57BL/6 mouse SIRP␤ cDNA by PCR with the sense primer 5Ј-CCGGATCCAACAGGGTTCTTAA-CACCAACC-3Ј and the antisense primer 5Ј-AGGTCTAGAAGCAATAC-CTGCCGTCTTCA-3Ј. The PCR product was digested with BamHI and XbaI, and the resulting DNA fragment was subcloned into pTracer-Fc to generate the SIRP␤-Fc expression plasmid pTracer-CMV-SIRP␤-Fc. CHO-Ras cells were transfected with pTracer-CMV-SIRP␤-Fc and subjected to selection with Zeocin as described previously (32) . Several cell lines producing SIRP␤-Fc were identified by immunoblot analysis of culture supernatants with horseradish peroxidase-conjugated goat pAbs specific for the Fc fragment of human IgG (Jackson Immuno Research). CHO-Ras cells producing a similar fusion protein of mouse SHPS-1 and the Fc portion of human IgG were also generated. The Fc fusion proteins produced by cells cultured in serum-free Dulbecco's modified Eagle's medium/F-12 (1:1) medium were purified from the culture supernatants by column chromatography on protein A-Sepharose 4FF (Amersham Biosciences).
Immunoprecipitation and Immunoblot Analysis-Cells were lysed for 1 h at 4°C in a solution containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 10 mM NaF, 1 mM Na 3 VO 4 , 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and aprotinin (10 g/ml). The lysates were centrifuged at 21,000 ϫ g for 15 min at 4°C, and the resulting supernatants were subjected to immunoprecipitation and immunoblot analysis. For immunoprecipitation, the supernatants were incubated for 4 h at 4°C with antibodies bound to protein G-Sepharose beads. The beads were then washed twice with cell lysis buffer, resuspended in SDS sample buffer, and subjected to SDS-PAGE and immunoblot analysis. For detection of phosphorylated MLC, cells were treated with ice-cold trichloroacetic acid to precipitate all proteins. The pellets were then washed with ice-cold acetone containing 10 mM dithiothreitol, dried, and dissolved with urea sample buffer containing 20 mM Tris, 22 mM glycine, 10 mM dithiothreitol, and 8 M urea. Samples were then diluted with SDS sample buffer and subjected to SDS-PAGE and immunoblot analysis. Immune complexes were detected with an ECL detection kit (Amersham Biosciences).
Opsonization of Mouse RBCs-IgG-or C3bi-opsonized RBCs were prepared as described previously with minor modifications (28) .
Cross-linking of SIRP␤ for Phagocytosis Assay and Determination of Downstream
Signaling-Thioglycolate-elicited mouse PEMs were plated in 24-well culture plates and cultured for 3-4 days. Immediately before phagocytosis assays, the plates were placed on ice and mAbs 80 or 84 to mouse SIRP␤ (or isotype-matched control rat IgG) were then added to the cells at a concentration of 20 g/ml. After incubation for 15 min on ice, the cells were washed twice with ice-cold PBS, and then serum-free RPMI 1640 containing both goat pAbs to rat IgG (20 g/ml) (Jackson ImmunoResearch) and glutaraldehyde-stabilized IgG-opsonized sheep RBCs (Ig-sRBCs) (5 ϫ 10 7 per well) (Inter-Cell Technologies) was added. IgG-opsonized, non-opsonized, or C3bi-opsonized mouse RBCs were also tested by the same procedure. After incubation for 15 min on ice, culture plates were transferred to a water bath at 37°C to initiate phagocytosis. Phagocytosis was terminated after the indicated times by again placing the plates on ice, and the cells were washed with ice-cold PBS three times. The PEMs were then fixed with 4% paraformaldehyde in PBS, after which phagocytosed RBCs were detected with a phase-contrast microscope, and random fields were photographed. For phagocytosis assays with mouse RBCs, the PEMs were incubated for 5 min at room temperature with hemolysis buffer (154 mM NH 4 Cl (pH 7.3), 10 mM KHCO 3 , 0.1 mM EDTA) before fixation to remove attached RBCs. To determine the phagocytosis index, we identified Ͼ100 cells in randomly chosen fields of view, and the percentage of cells that had engulfed RBCs was determined. For characterization of signaling downstream of SIRP␤, PEMs were treated with mAbs to SIRP␤ and secondary cross-linking antibodies as described above. Cell lysates were then prepared and subjected to immunoprecipitation and immunoblot analysis.
Immunocytofluorescence-PEMs were fixed for 20 -30 min at room temperature in PBS containing 4% paraformaldehyde and 0.1% glutaraldehyde and were then permeabilized for 60 min at room temperature in PBS containing 0.1% Triton X-100 and 5% goat serum (blocking solution). After incubation for 1 h at room temperature or overnight at 4°C with primary antibodies diluted in blocking solution, the cells were washed with PBS and incubated for 1 h at room temperature with Alexa488-conjugated secondary antibodies (Molecular Probes) diluted in blocking solution. For visualization of F-actin, cells were incubated with rhodamine-conjugated phalloidin (Molecular Probes) together with the secondary antibodies. The cells were finally washed with PBS and mounted. Fluorescence images were acquired with a laser-scanning confocal microscope (LSM5 PASCAL, Zeiss).
RESULTS

Cloning of Mouse SIRP␤ cDNAs and Tissue Distribution of
SIRP␤ mRNA-To investigate the role of SIRP␤ in macrophage function, we first cloned mouse SIRP␤ cDNAs. A data base search based on the homology between human and mouse SIRP␤ cDNAs yielded two mouse EST clones (BB637627 and BB666974 (DDBJ)) that correspond to the 5Ј region of SIRP␤ cDNA (ϳ0.7 kb), including the initiation codon, as well as two EST clones (BB144964 and BB559616 (DDBJ)) corresponding to the 3Ј region of SIRP␤ cDNA (ϳ0.7 kb), including the termination codon. We designed PCR primers based on the sequences of these EST clones to isolate a full-length SIRP␤ cDNA (DDBJ accession number AB112022) by PCR from a C57BL/6 mouse spleen cDNA library. We also cloned another full-length SIRP␤ cDNA (DDBJ accession number AB112024) from a Balb/c mouse spleen cDNA library by RACE-PCR. These C57BL/6 and Balb/c mouse cDNAs comprise 1317 and 1232 bp, respectively, and each contain a single open reading frame (1173 bp) that encodes a protein of 391 amino acids (Fig. 1A) .
The predicted structure of mouse SIRP␤ is similar to that of the human protein (11); it is a putative transmembrane protein with three Ig-like domains in its extracellular region and a short cytoplasmic tail (Fig. 1, A and B) . The first Ig domain is homologous to a V-type Ig domain, whereas the second and third Ig domains resemble a C1-type Ig domain (33) . The overall amino acid sequence identity between the C57BL/6 and Balb/c SIRP␤ proteins is 94.4% (22 residue differences) (Fig.  1B) , suggesting that the SIRP␤ gene is polymorphic among mouse strains. The sequence differences between the two mouse SIRP␤ isoforms are concentrated in the first Ig domain (amino acids 29 -144), which exhibits a sequence identity of 89% (Fig. 1B) . We also cloned partial cDNAs from C57BL/6 and Balb/c mouse spleen (DDBJ accession numbers AB112023 and AB112025, respectively) that are homologous to but significantly different from the corresponding full-length SIRP␤ cDNAs (data not shown).
Although human SIRP␤ has been shown to be expressed in myeloid cells, including monocytes and dendritic cells, but not in lymphocytes (12) , its tissue distribution was otherwise unknown. RT-PCR analysis revealed that mouse SIRP␤ mRNA is most abundant in brain, spleen, kidney, and testis but is also present in smaller amounts in other tissues (Fig. 1C) . We also confirmed the presence of SIRP␤ mRNA in macrophage lineage cells, including thioglycolate-elicited mouse PEMs and mouse RAW264.7 macrophages (Fig. 1D) .
Promotion of Phagocytosis in Macrophages by mAb Engagement of SIRP␤-To examine the possible role of SIRP␤ in phagocytosis by macrophages, we generated several rat mAbs to the extracellular region of SIRP␤ with the use of an SIRP␤-Fc fusion protein (the extracellular portion of mouse SIRP␤ fused to the Fc portion of human IgG) as an antigen. From these mAbs, we chose mAb 80 and mAb 84 for the following experiments. We also generated rabbit polyclonal antibodies to SIRP␤ with the same SIRP␤-Fc fusion protein as antigen. Immunoblot analysis revealed that the pAbs to SIRP␤ reacted with mouse SIRP␤ or mouse SHPS-1 expressed in CHO-Ras cells (CHO cells transformed as a result of expression of an active form of H-Ras) ( Fig. 2A) . This cross-reactivity was not unexpected given that the amino acid sequences of the extracellular regions of mouse SIRP␤ and SHPS-1 are 65% identical. In contrast, both mAb 80 and mAb 84 reacted with SIRP␤ but not with SHPS-1 ( Fig. 2A) , indicating that these antibodies are specific for SIRP␤. Two distinct immunoreactive bands corresponding to SIRP␤ (ϳ90 and 60 kDa) were observed in CHO-Ras transfectants (Fig. 2A) ; these two bands migrated as a single protein of ϳ40 kDa after treatment of total cell lysates with N-glycosidase-F (data not shown), suggesting that they corresponded to two distinct glycosylated forms of SIRP␤. Immunoblot analysis with mAb 80 of immunoprecipitates prepared from mouse PEMs with the pAbs to SIRP␤ yielded a broad band (ϳ50 -70 kDa) corresponding to SIRP␤ (Fig. 2B) , confirming that SIRP␤ mRNA is translated into protein in these cells.
We then tested the effects of the mAbs to SIRP␤ on the phagocytosis of Ig-sRBCs by thioglycolate-elicited mouse PEMs or RAW264.7 cells in vitro. Either mAb 80 or mAb 84 alone induced only a small increase in the extent of phagocytosis by PEMs, compared with that apparent with an isotype-matched control rat IgG (Fig. 3A) . In contrast, cross-linking of these mAbs by secondary antibodies markedly increased the phagocytosis of Ig-sRBCs by PEMs; this effect was dependent both on the time of incubation (maximal at 5-10 min) and on the concentration of mAb (maximal at 20 g/ml) (data not shown). We found that cross-linking of control rat IgG by secondary antibodies induced a significant decrease (ϳ30%) in phagocytic activity, as compared with that observed without any treat- ment (data not shown). It might be mediated through the stimulation of Fc␥RII by the cross-linking. Even if there were such inhibition on phagocytosis by addition of antibodies, the promotion of phagocytosis by specific mAbs to SIRP␤ was specific and significant. Similar results were obtained with RAW264.7 cells instead of PEMs (Fig. 3B) . Cross-linking of mAbs to SIRP␤ also promoted the phagocytosis by PEMs of IgG-opsonized mouse RBCs and, to a lesser extent, that of non-opsonized mouse RBCs (Fig. 3C) . Ligation of complement receptors also promoted phagocytosis by macrophages (9) , and cross-linking of mAbs to SIRP␤ increased the phagocytosis of C3bi-opsonized mouse RBCs by PEMs (Fig. 3D) . These results suggest that engagement of SIRP␤ by specific mAbs promoted Fc␥R-dependent or Fc␥R-independent phagocytosis by macrophages and that this effect might be mediated, at least in part, by a signaling pathway distinct from that activated by Fc␥R or the complement receptor.
Roles of MAPK and MEK in the Promotion of Phagocytosis by Ligation of SIRP␤ -Activation of the PI 3-kinase signaling pathway is implicated in Fc␥R-stimulated phagocytosis (7, 34, 35) . The contribution of MAPK to Fc␥R-stimulated phagocytosis, however, is controversial (36, 37) . We therefore next examined whether engagement of SIRP␤ induces activation of MAPK or of Akt, the latter of which functions downstream of PI 3-kinase (38) . M-CSF activates both MAPK and PI 3-kinase pathways in macrophages (39) . In the present study, M-CSF also induced marked activation of MAPK in PEMs (Fig. 4A) . Engagement of SIRP␤ by either mAb 80 or mAb 84 also triggered marked activation of MAPK. In addition, activation of the upstream kinase MEK was observed in response either to M-CSF or to ligation of SIRP␤ by mAbs 80 or 84. However, whereas M-CSF induced marked activation of Akt in PEMs, engagement of SIRP␤ by either mAb triggered weak activation of Akt (Fig. 4A) .
To examine whether the activation of MEK and MAPK induced by the engagement of SIRP␤ contributes to the promotion of phagocytosis by SIRP␤, we investigated the effects of two different MEK inhibitors, PD98059 (40) and U0126 (41) . Treatment of PEMs with either PD98059 (Fig. 4B) or U0126 (Fig. 4C) prevented the stimulatory effect of mAbs to SIRP␤ on Fc␥R-mediated phagocytosis but had no effect on the basal level of such phagocytosis observed in the presence of control rat IgG. Both MEK inhibitors also abolished the activation of MAPK elicited by engagement of SIRP␤ as well as the basal activation of this kinase apparent in the presence of control rat IgG (Fig. 4, B and C) . These data thus suggest that activation of the MEK-MAPK pathway contributes to the promotion of Fc␥R-mediated phagocytosis induced by engagement of SIRP␤. In contrast, this pathway does not appear to contribute to the basal level of Fc␥R-mediated phagocytosis, consistent with the results of Karimi and Lennartz (36) .
Wortmannin, an inhibitor of PI 3-kinase (42), partially inhibited both the stimulatory effect of SIRP␤ ligation on Fc␥R-mediated phagocytosis as well as the basal level of such phagocytosis in PEMs (Fig. 4D) . However, the promotion of phagocytosis induced by engagement of SIRP␤ was still observed in the presence of wortmannin. We confirmed that wortmannin abolished the activation of Akt by M-CSF or by engagement of SIRP␤ in these cells. These results are thus consistent with the notion that the activation of PI 3-kinase contributes to Fc␥R-stimulated phagocytosis (7, 34, 35) . However, the activation of PI 3-kinase does not appear to contribute substantially to the promotion of Fc␥R-mediated phagocytosis by engagement of SIRP␤.
Role of Myosin Light Chain Kinase (MLCK) in the Promotion of Phagocytosis by Ligation of SIRP␤-Activation of
MLCK by MAPK is implicated in the positive regulation of cell adhesion and cell migration mediated by cytoskeletal reorganization (43, 44) . Given that our results suggested that the MEK-MAPK pathway is important for the promotion of phagocytosis by engagement of SIRP␤, we next examined the effects on this process of ML-7, chemical inhibitors of MLCK (45, 46) . ML-7 completely blocked the stimulatory effect of SIRP␤ engagement on Fc␥R-mediated phagocytosis (Fig. 5A) ; it also slightly inhibited the basal level of such phagocytosis observed in the presence of control rat IgG. We confirmed the inhibitory effect of ML-7 on MLCK in GbaSM-4 cells, a vascular smooth muscle cell line derived from brain basilar arteries. SPC induced phosphorylation of MLC in GbaSM-4 cells (Fig. 5B) as described previously (47) . ML-7 completely blocked the SPC-induced phosphorylation of MLC in GbaSM-4 cells (Fig. 5B) . Activated MLCK could phosphorylate MLC and activate the myosin ATPase activity. Chemical inhibitor of the ATPase activity of myosin, BDM (46, 48) , also prevented the promotion of Fc␥R-mediated phagocytosis by SIRP␤ ligation as well as significantly inhibited the basal level of such phagocytosis (Fig. 5C ). These observations thus suggest that the activation of MLCK contributes to the promotion of phagocytosis by engagement of SIRP␤ probably through the activation of myosin ATPase activity. (8, 49) . We therefore next examined the effects of engagement of SIRP␤ on the actin cytoskeleton and on the localization of activated MAPK. Immunofluorescence analysis with rhodamine-conjugated phalloidin revealed that PEMs treated with control rat IgG exhibited a few scattered filopodia at the cell periphery (Fig. 6A) . Immunostaining also revealed that activated MAPK was localized predominantly to the nucleus and perinuclear region of control IgG-treated PEMs. Engagement of SIRP␤ by either mAb 80 or mAb 84 induced the formation of prominent filopodia and lamellipodia, many of which protruded focally at the cell periphery, as well as caused the cells to adopt an elongated morphology. In addition to its presence in the nucleus, activated MAPK also became localized both at the cell periphery, including the sites of filopodia and lamellipodia, as well as in the cytoplasm of PEMs treated with the mAbs. The formation of filopodia and lamellipodia as well as the induction of an elongated cell morphology and the redistribution of activated MAPK observed in response to engagement of SIRP␤ were markedly inhibited by treatment of PEMs with either PD98059 or ML-7 but not by that with wortmannin (Fig. 6B) .
Effects of SIRP␤ Engagement on the Actin Cytoskeleton and on the Localization of Activated MAPK-Reorganization of the actin cytoskeleton is essential for phagocytosis by macrophages
Roles of DAP12 and Syk in the Promotion of Phagocytosis by SIRP␤ Engagement-SIRP␤ forms a complex with DAP12 and engagement of SIRP␤ induces tyrosine phosphorylation of DAP12 and its subsequent association with the tyrosine kinase Syk in cells overexpressing SIRP␤ and DAP12 (13, 14) . We found that DAP12 was coimmunoprecipitated with SIRP␤ from PEMs (Fig. 7A) , suggesting that the two proteins also form a complex in these cells. Engagement of SIRP␤ by either mAb 80 (data not shown) or mAb 84 (Fig. 7B ) markedly stimulated the tyrosine phosphorylation of DAP12 as well as its association with Syk. Engagement of SIRP␤ also substantially increased the tyrosine phosphorylation of Syk (Fig. 7C) , suggesting that SIRP␤ ligation results in the activation of Syk.
To examine further the possible role of Syk in the stimulation of Fc␥R-mediated phagocytosis by SIRP␤ ligation, we tested the effect of the Syk inhibitor piceatannol (50) on this process. Piceatannol prevented the promotion of Fc␥R-mediated phagocytosis induced by engagement of SIRP␤ (Fig. 7D) .
Piceatannol also inhibited the tyrosine phosphorylation of Syk induced by mAbs 80 or 84 (Fig. 7E) . Furthermore, piceatannol abolished the activation of MAPK induced by engagement of SIRP␤ (Fig. 7F) . We also examined the effect of a dominantnegative mutant of Syk on the promotion of Fc␥R-mediated phagocytosis induced by SIRP␤ engagement. To this end, RAW264.7 cells were cotransfected with vectors for GFP and kinase-negative Syk (51) and thereafter subjected to phagocytosis assay. Expression of kinase-negative Syk markedly inhibited the promotion of Fc␥R-mediated phagocytosis induced by SIRP␤ engagement (Fig. 7G) . These results thus suggest that engagement of SIRP␤ promotes phagocytosis through tyrosine phosphorylation of DAP12, the subsequent association of DAP12 with Syk, and the consecutive activation of Syk and MAPK.
Effects of SIRP␤ Engagement on the Tyrosine Phosphorylation of SLP-76 and BLNK-Syk and the related tyrosine kinase ZAP-70 phosphorylate the adapter protein SLP-76 (52-54). In addition, both SLP-76 and BLNK, another adapter protein, are expressed in bone marrow-derived macrophages (55) . We therefore examined the effect of engagement of SIRP␤ on the tyrosine phosphorylation of SLP-76 and BLNK in PEMs. Ligation of SIRP␤ by either mAb 80 or mAb 84 markedly increased the tyrosine phosphorylation of SLP-76 (Fig. 8A) , and this effect was blocked by piceatannol (Fig. 8B) . In contrast, ligation of SIRP␤ did not affect the tyrosine phosphorylation of BLNK (Fig. 8C) . Our results thus implicate SLP-76 as an adapter protein that functions downstream of Syk in PEMs activated by engagement of SIRP␤. DISCUSSION We have cloned mouse SIRP␤ cDNAs and thereby shown that the overall structure of the encoded proteins is similar to that of human SIRP␤. We also found that the amino acid A, PEMs treated with mAbs to SIRP␤ (or isotype-matched control rat IgG) and with secondary cross-linking antibodies as described under "Experimental Procedures" were incubated for 10 min at 37°C. As positive and negative controls, PEMs were incubated for 5 min at 37°C with M-CSF (10 ng/ml) or were left untreated, respectively. The cells were then lysed and subjected to immunoblot (IB) analysis with pAbs to active forms of MAPK (␣pMAPK), MEK (␣pMEK), or Akt (␣pAkt); duplicate samples were also analyzed with pAbs to MAPK (␣MAPK), MEK (␣MEK), or Akt (␣Akt). B-D, PEMs were incubated for 30 min at 37°C in the absence or presence of 50 M PD98059 (PD) (B), 2 M U0126 (C), or 100 nM wortmannin (Wort) (D) before treatment with mAbs to SIRP␤ (or control rat IgG) and secondary cross-linking antibodies (in the continued absence or presence of inhibitor) as described in A. After incubation for 5 min at 37°C with Ig-sRBCs, the cells were fixed, and the extent of phagocytosis was determined (upper panels). Alternatively, PEMs were incubated in the absence or presence of inhibitors, treated with mAbs to SIRP␤ and secondary cross-linking antibodies, and incubated for 10 min at 37°C. The cells were then lysed and subjected to immunoblot analysis with pAbs to active forms of MAPK (B and C) or Akt (D); duplicate samples were also analyzed with pAbs to MAPK or to Akt (lower panels). Positive and negative controls were as in A. Data for phagocytosis assays are means Ϯ S.E. of values from 10 different fields of view; **, p Ͻ 0.01 for the indicated comparison (Student's t test). All results are representative of three separate experiments. the heterogeneity of amino acid sequence in the extracellular region of SIRP␤ might result in heterogeneous biological responses to the putative ligand of this protein. SIRP␤ was shown previously to be expressed in hematopoietic cells (12, 13, 14) . We have now shown that SIRP␤ mRNA is present in the spleen and macrophages but also in other organs including the brain, kidney, and testis. SIRP␤ might thus play multiple roles in various tissues or cell types.
We generated mAbs that recognize SIRP␤ but not SHPS-1. With the use of these antibodies, we showed that SIRP␤ is indeed expressed in PEMs as well as that engagement of SIRP␤ by the mAbs promotes Fc␥R-mediated phagocytosis by either PEMs or RAW264.7 cells. Engagement of SIRP␤ also promoted both the phagocytosis of non-opsonized mouse RBCs and complement receptor-mediated phagocytosis. SIRP␤ thus appears to be a new member of the group of transmembrane proteins that promote phagocytosis in macrophages, at least in part, FIG. 5 . Role of MLCK in the promotion of phagocytosis by SIRP␤ engagement in PEMs. A, PEMs were incubated for 30 min at 37°C in the absence or presence of 10 M ML-7 before treatment with mAbs to SIRP␤ (or control rat IgG) and secondary cross-linking antibodies (in the continued absence or presence of inhibitor). After incubation for 5 min at 37°C with Ig-sRBCs, the cells were fixed, and the extent of phagocytosis was determined. B, serum-deprived GbaSM-4 cells were incubated for 30 min at 37°C in the absence or presence of 10 M ML-7 and further incubated with 1 M SPC for 2 min at 37°C. The cells were then treated with ice-cold trichloroacetic acid to precipitate total cellular proteins. The precipitated proteins were subjected to immunoblot (IB) analysis with pAbs to phosphorylated forms of MLC (␣pMLC). Duplicated samples were also analyzed by immunoblot analysis with a mAb to MLC (␣MLC). C, PEMs were incubated for 30 min at 37°C in the absence or presence of 50 mM BDM before treatment with mAbs to SIRP␤ (or control rat IgG) and secondary cross-linking antibodies (in the continued absence or presence of inhibitor). After incubation for 5 min at 37°C with Ig-sRBCs, the cells were fixed, and the extent of phagocytosis was determined. All phagocytosis data are means Ϯ S.E. of values from 10 different fields of view; *, p Ͻ 0.05 for the indicated comparisons (Student's t test). All results are representative of three separate experiments. A, PEM lysates were subjected to immunoprecipitation (IP) with pAbs to SIRP␤ (or with normal rabbit IgG), and the resulting precipitates were subjected to immunoblot (IB) analysis with pAbs to DAP12 (␣DAP12). The position of DAP12 is indicated. B, PEMs were treated with mAb 84 (or isotype-matched control rat IgG) and secondary cross-linking antibodies as described under "Experimental Procedures." After incubation for 5 min at 37°C, cell lysates were prepared and subjected to immunoprecipitation with pAbs to DAP12. The resulting precipitates were subjected to immunoblot analysis with a mAb to phosphotyrosine (␣PY); duplicate samples were also analyzed with pAbs to DAP12. The positions of phosphorylated DAP12 (pDAP12) and total DAP12 are indicated (upper panels). The PEM lysates were also subjected to immunoprecipitation with pAbs to Syk (␣Syk) and subsequent immunoblot analysis with pAbs to DAP12 (lower panel). C, PEMs were treated with mAbs to SIRP␤ and secondary cross-linking antibodies as described in B, after which cell lysates were subjected to immunoprecipitation with pAbs to Syk and subsequent immunoblot analysis with a mAb to phosphotyrosine. Duplicate immunoprecipitates were also subjected to immunoblot analysis with pAbs to Syk. The positions of phosphorylated Syk (pSyk) and total Syk are indicated. D, PEMs were incubated for 30 min at 37°C in the absence or presence of 10 M piceatannol before treatment with mAbs to SIRP␤ and secondary cross-linking antibodies (in the continued absence or presence of piceatannol). After incubation for 5 min at 37°C with Ig-sRBCs, PEMs were fixed, and the extent of phagocytosis was determined. Data are means Ϯ S.E. of values from 10 different fields of view. E and F, PEMs treated with piceatannol, mAbs to SIRP␤, and secondary cross-linking antibodies as in D were lysed and subjected to immunoprecipitation with pAbs to Syk and subsequent immunoblot analysis with either a mAb to phosphotyrosine or pAbs to Syk (E). Alternatively, the cell lysates were subjected to immunoblot analysis with pAbs either to active MAPK or to MAPK (F). G, RAW264.7 cells were cotransfected with vectors for GFP and kinase-negative Syk (Syk-DN) or the corresponding empty vector (MOCK). Twenty four h after transfection, cells were incubated with mAbs to SIRP␤ (or isotype-matched control rat IgG) and with secondary cross-linking antibodies. After incubation with Ig-sRBCs for 20 min at 37°C, cells were fixed, and the extent of phagocytosis of the cells expressing GFP was determined. Data are means Ϯ S.E. of values from 10 different fields of view. All results are representative of three separate experiments.
through the activation of a signaling pathway distinct from that triggered by Fc␥R or the complement receptor.
We also investigated the signaling pathway activated by engagement of SIRP␤ in PEMs. Ligation of SIRP␤ by specific mAbs induced marked activation of MEK and MAPK, and it also induced weak activation of Akt. The SIRP␤-promoted phagocytic response was markedly blocked by inhibitors of MEK but not by the PI 3-kinase inhibitor wortmannin. Engagement of SIRP␤ also induced the formation of prominent filopodia and lamellipodia as well as caused PEMs to adopt an elongated morphology. It also induced the recruitment of active MAPK to sites near these filopodia and lamellipodia. These effects were markedly inhibited by a MEK inhibitor but not by wortmannin. Moreover, we showed that inhibitors of MLCK and of myosin ATPase each blocked the promotion of phagocytosis by SIRP␤ ligation. The activation of MAPK was shown previously to stimulate MLCK activity and thereby to promote cell adhesion and migration through reorganization of the actin cytoskeleton in COS cells and REF52 fibroblasts (43, 44) . The activated MAPK was also recruited to the sites of newly formed focal adhesions, and this response was blocked by inhibitors of MEK or MLCK (44) . We also found that recruitment of active MAPK to the cell periphery induced by SIRP␤ ligation was blocked by an MLCK inhibitor. In macrophages, activated MAPK is thought to trigger the activation of MLCK through direct phosphorylation (37) . Together, our present results thus suggest that engagement of SIRP␤ promotes phagocytosis through activation of a MEK-MAPK-MLCK pathway and subsequent reorganization of the actin cytoskeleton.
SIRP␤ was shown previously to bind DAP12 (13, 14) . Furthermore, engagement of SIRP␤ resulted in the tyrosine phosphorylation of DAP12 and the subsequent recruitment of Syk to the SIRP␤-DAP12 complex in RBL-2H3 cell transfectants (14) . We have now shown that engagement of SIRP␤ induced the tyrosine phosphorylation of DAP12 and its association with Syk in PEMs. It also elicited the phosphorylation of Syk, and a Syk inhibitor or kinase-negative Syk blocked the promotion of phagocytosis. A Syk inhibitor also blocked the activation of MAPK induced by SIRP␤ engagement. The tyrosine phosphorylation of DAP12 and subsequent activation of Syk thus appear to contribute to the promotion of phagocytosis by ligation of SIRP␤. We also showed that engagement of SIRP␤ induced the tyrosine phosphorylation of SLP-76 but not that of BLNK. In addition, this effect of SIRP␤ on SLP-76 phosphorylation was blocked by a Syk inhibitor. SLP-76 was originally identified as a tyrosine-phosphorylated protein that bound to Grb2 in T cells (57) . Subsequently, ZAP-70 and Syk were each shown to induce the tyrosine phosphorylation of SLP-76 (52, 53) . SLP-76 forms a multiprotein complex with Grb2, Gads, LAT, phospholipase C-␥, Vas, and SLAP-130 (58) . The association of SLP-76 with phospholipase C-␥ and consequent activation of the latter would result sequentially in the generation of diacylglycerol, the activation of protein kinase C, and the activation of MEK. Indeed, the T cell receptor-mediated activation of MAPK was shown to be markedly attenuated in SLP-76-deficient T cells (59) . It is thus possible that the engagement of SIRP␤ activates the MEK-MAPK pathway, at least in part, through tyrosine phosphorylation of SLP-76.
We thus propose the following model for the signaling pathway activated by SIRP␤ in the promotion of phagocytosis in macrophages (Fig. 9) . Engagement of SIRP␤ by its putative FIG. 8 . Tyrosine phosphorylation of SLP-76, but not of BLNK, in response to engagement of SIRP␤ in PEMs. A and C, PEMs were treated with mAbs to SIRP␤ and secondary cross-linking antibodies as described under "Experimental Procedures." After incubation for 10 min at 37°C, the cells were lysed and subjected to immunoprecipitation (IP) with pAbs to SLP-76 (␣SLP-76) (A) or to BLNK(␣BLNK) (C). The resulting precipitates were subjected to immunoblot (IB) analysis with a mAb to phosphotyrosine or with pAbs to SLP-76 (A) or to BLNK (C). The positions of phosphorylated or total SLP-76 and BLNK are indicated. B, PEMs were incubated for 30 min at 37°C in the absence or presence of 10 M piceatannol before treatment with mAbs to SIRP␤ and secondary cross-linking antibodies (in the continued absence or presence of piceatannol). After incubation for 5 min at 37°C, the cells were lysed and subjected to immunoprecipitation with pAbs to SLP-76 and subsequent immunoblot analysis with a mAb to phosphotyrosine; duplicate precipitates were also subjected to immunoblot analysis with pAbs to SLP-76. All results are representative of three separate experiments. ligand induces the tyrosine phosphorylation of DAP12 and the subsequent recruitment of Syk to DAP12 and its tyrosine phosphorylation. Activated Syk then mediates the tyrosine phosphorylation of SLP-76, which forms a multiprotein complex that triggers activation of the MEK-MAPK-MLCK cascade. MLC phosphorylation by MLCK increases myosin ATPase activity and elicits the reorganization of the actin cytoskeleton that underlies promotion of the phagocytic response.
The physiological ligand of SIRP␤ remains to be identified. Although the extracellular regions of SHPS-1 and SIRP␤ share sequence homology, recombinant SIRP␤-Fc does not bind the SHPS-1 ligand CD47 2 (12) . The ligand for SIRP␤ might be a soluble protein, such as IgG or complement, that binds to a phagocytic target. Alternatively, it might be a microbial component such as bacterial lipopolysaccharide or peptidoglycan, both of which are recognized by Toll-like receptors on macrophages or dendritic cells (3) . Furthermore, a transmembrane protein on neighboring cells might interact with SIRP␤ on macrophages to stimulate phagocytosis, as is the case with the adhesion molecule ICAM-1 on alveolar epithelial cells, which facilitates phagocytic activity of alveolar macrophages (60) . Identification of its ligand should provide further insight into the physiological functions of SIRP␤.
